Abstract. A light-weighted primary mirror is the most important optical element for a large ground-based solar telescope. It receives solar radiation of more than 1000 W∕m 2 , of which about 10% is converted into heat energy, bringing in mirror seeing effect and surface shape distortion. Thus, a thermal control system (TCS) is necessary and important. Many studies have discussed the factors that influence the temperature difference between mirror surface and ambient air, but few refer to TCS modeling and optimization for the sake of parameter estimation. A thermal control model for the parameter estimation is proposed. The analytical process and the numerical analysis results of the model on the Chinese large ground-based solar telescope are given. A 60-cm prototype of open solar telescope (POST) is developed, on which practical experiment is taken place. According to the parameters estimated results, we select devices for the TCS of the POST. The experiment results show that the maximum temperature difference was restricted within AE0.5°C, despite the temperature variation of the ambient air, whereas without TCS, the maximum temperature difference rises up to 6.5°C. That validates the feasibility and effectiveness of the proposed model, and it can be referred for other large ground-based solar telescopes. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
With the progress in solar physics, higher spatial resolution is required in observing solar active regions to understand smallerscale physical processes in the solar atmosphere. By theoretical calculation, the scale of magnetic fine structures in the solar atmosphere, for example, the flux tube, is smaller than 70 km. 1 To observe it, the angle resolution of a solar telescope should be finer than 0.1 arc sec. 1 In other words, the aperture of a solar telescope should be larger than 1 m to observe magnetic fine structures in the solar atmosphere. Moreover, with a telescope of a small aperture, the photo hungry polarization measurements could hardly be carried out, which are crucial to estimate the distribution and strength of magnetic fields in the solar active regions. 2, 3 Many large solar telescopes have been built, such as the 1.6-m McMath-Pierce solar telescope, 4 the 1.5-m GREGOR solar telescope, 5 and the 1.6-m new solar telescope. 6 And there are more planned, such as the 4-m Daniel K. Inouye solar telescope, 7 the 4-m European solar telescope, 8 the 2-m National large solar telescope, 9 and the 1.8-m Chinese large solar telescope. 10 The design and construction of large solar telescopes are considerably different from small (1 m and smaller) ones. Large solar telescopes utilize an open structure, which is cost saving and avoids the issue of sealing and stress birefringence. Compared to a vacuum tube, the imaging quality of solar telescope with an open structure design will be threatened by mirror seeing and internal seeing effects, which are generated from the temperature difference between the optical or mechanical elements and the ambient air. The primary mirror of an open solar telescope is heated by intensive solar radiation. The temperature difference between the mirror surface and the ambient air brings in the mirror seeing effect and a mirror deformation, thus introducing a dynamic wavefront aberration, which degrades the imaging quality of the solar telescope. Thus, a thermal control system (TCS) for the primary mirror is crucial for large solar telescopes, which can minimize the temperature difference between the mirror surface and the ambient air. Many studies have intensively discussed the factors that influence the temperature difference between the mirror surface and the ambient air, [11] [12] [13] and several practical TCSs are discussed. [14] [15] [16] [17] [18] [19] But, few refer to a TCS modeling and optimization for the sake of parameter estimation and device selection, especially for ground-based solar telescopes. This paper proposes a thermal control model for the parameter estimation of the TCS. The analytical derivation process of the model and the numerical analysis results of the model for the Chinese large ground-based solar telescope (CLST) are also given. To demonstrate the feasibility and effectiveness of the thermal control model, a 60-cm prototype of the open solar telescope (POST) had been developed, on which the practical experiments had been performed. According to the parameters estimated by the proposed thermal control model, we select devices for the TCS of the POST. The practical experiment results show that the TCS of the POST restricts the maximum temperature difference between the mirror surface and the ambient air within AE0.5°C, despite the temperature variation of the ambient air. And without the TCS, the maximum temperature difference rises up to 6.5°C. In conclusion, the proposed thermal control model is feasible and effective and can be referred to in the engineering of the TCS of large ground-based solar telescopes, such as the CLST. This paper is organized as follows: Sec. 2 briefly introduces the CLST and its TCS. Section 3 presents our thermal control model through analytical derivation and Sec. 4 validates the model on the CLST through numerical analysis. Section 5 describes the POST and gives the practical experiment results of the proposed-model optimized TCS, including the optimized air pressure. We make a conclusion and discuss the future work in Sec. 6.
CLST and its Thermal Control System for the Primary Mirror
To better understand and forecast the solar activities and its impacts on human technologies and life on earth, an 1.8-m solar telescope CLST was proposed in 2011. 20, 21 According to the original schedule, the CLST should be built and put into operation by 2017. However, the project was postponed due to financial problems. According to the latest schedule, the CLST is under construction and will be completed by the end of 2019. The optical system and the support structure (including mount and tube truss) of the CLST are shown in Fig. 1 .
The CLST was designed as an open telescope by using the Gregorian optical configuration, with an alt-azimuth mount, a retractable dome, and a large mechanical derotator. The aperture size of the CLST is 1800 mm. And the field-of-view is up to 6 arc min. The CLST utilizes a relay optics system similar to the GREGOR solar telescope, which minimizes instrumentation polarization. A solar adaptive optics system is developed to enable diffraction-limited observations at visible and infrared wavelengths. A multiwavelength tomographic imaging system with seven wavelengths ranging from visible to near-infrared will operate as the first light instruments of the CLST.
The primary mirror is the key optics element of the CLST, as shown in Fig. 2 . It is made of ULE material and consists of a face sheet, a honeycomb sandwich layer, and a back sheet. The thickness of the face sheet is 20 mm, well balanced between thermal transmission and stiffness. The radius of curvature of the face sheet is 7120 mm, and the focal ratio is 1.7.
The honeycomb sandwich layer consists of 297 hexagonal cavities, and each is paired to a hole in the back sheet.
The face sheet of the primary mirror utilizes a protecting aluminum coating, through which about 10% of the incident solar radiation is transferred into heat, further adding to the mirror seeing effect. To reduce the mirror seeing effect, the CLST utilizes a TCS, as shown in Fig. 3 .
The TCS consists of three identical and independent units, each works for a 120 deg sector of the primary mirror. There are 297 inflow nozzles (IN), over 100 return flow nozzles (RFN), and 3 integrated ventilators totally. The integrated ventilator consists of a ventilator, a heat exchanger (HE), and a heater. The main components and the assembly of one unit of the TCS are illustrated in Fig. 3 .
The INs are inserted into the cavities of the honeycomb sandwich layer through the holes in the back sheet. The ventilators are used to inject air through INs into the cavities to cool the bottom of the face sheet. The air is guided back through the RFNs and cooled in the HEs integrated in the ventilators. This is a closed air circulation in the primary mirror. The HEs are liquid cooling using glycol water solution as coolant. The heated liquid from HEs is cooled by a refrigerating machine. There are two factors that affect the temperature difference of the mirror surface and the ambient air: (a) the flow rate of the ventilators and (b) the temperature of the injected air. In practical systems, fix frequency ventilators are preferred to avoid additional jitter introduced by frequency changing. Therefore, the temperature difference can be adjusted by changing the flow rate of coolant, the temperature of coolant, and the power of the heater.
Thermal Control Model for the Primary Mirror
As shown in Figs Assuming that there is no wind, as the worst case, only natural convection from the mirror surface to the ambient air exists. As shown in Fig. 4(b) , the heat transfer process at the face sheet includes: (a) thermal absorption (i.e., Φ a ), which is the residual power of the solar radiation Φ s after reflecting from the mirror surface; (b) natural convection between the surface and the ambient air, i.e., Φ n ; (c) thermal conduction from the surface to the bottom, i.e., Φ c ; and (d) forced air convection heat transfer between the IN-injected cool air and the bottom of the face sheet. For simplification, we will analyze the heat transfer process based on one classical cell but not on the entire mirror. The power density of solar radiation is 1000 to 1300 W∕m 2 according to the site of a ground-based solar telescope, and the thermal absorption Φ a can be presented as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ;
where η is thermal absorption coefficient (5% to 10% according to the coating of the mirror surface), ρ is the power density of solar radiation, and A is the cross-sectional size of the hexagonal cavity.
According to the first law of thermodynamics (i.e., the law of conservation of energy), the heat transfer process can be presented as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ;
where E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ;
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ;
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ;
where h n and h f are the heat transfer coefficients of the air natural convection and the forced air convection, respectively; λ c is the thermal conductivity of the face sheet; l is the thickness of the face sheet; T s and T b are the temperatures of the surface and the bottom of the face sheet; T a and T f are air temperatures of the ambient air and the air injected through IN.
By synthesizing Eqs. (1)-(5), a new equation can be deducted as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 6 3 ; 3 7
For a TCS, the main task is to minimize the mirror seeing effect, and the controlling goal is also to minimize the temperature difference between the mirror surface and the ambient air, i.e., T s − T a should be close to 0. Thus, the required parameters of the TCS can be estimated when the idealization goal is satisfied. A new thermal control equation can be presented as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 2
For a certain ground-based solar telescope, l and η are constants; ρ and T a are measurable time-varying variables. Deriving form Eq. (7), the ideal temperature of the air injected by IN T f is a function of ρ, T a , and h f . h f is a certain average heat-transfer coefficient, which can be calculated by the model of air forced convection of single circle nozzle with internal diameter of r:
22
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 6 3 ; 1 3 1
where E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 3 2 6 ; 7 4 1
where ðNu d Þ m is the average Nusselt number; Re d is the Reynolds number with characteristic length d; Pr is the Prandtl number of air; λ a is the thermal conductivity of the injected air; V f is the flow velocity at the tip of an IN; and v is the dynamic viscosity. Substituting Eqs. (8) and (9) in Eq. (7), we can get Eq. (10) as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 0 ; 3 2 6 ; 6 2 7
where E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 1 ; 3 2 6 ; 5 7 1
FfV f g ¼ 2Pr
According to Eqs. (7) and (10), T s changes with V f and T f as T a varies by time. In other words, the temperature of the mirror surface can be controlled by adjusting the flow rate of the ventilator and the temperature of the injected air. In practical systems, fix frequency ventilators are preferred to avoid additional jitter introduced by frequency changing. Therefore, the temperature of the mirror surface can be controlled by adjusting only the temperature of the injected air T f . The selection of the ventilator frequency and the temperature range of the injected air should be well balanced too. The relationship of V f and the air flow rate of the ventilator Ω can be expressed as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 2 ; 3 2 6 ; 3 7 5
where N is the number of INs and ΩðPÞ is the flow rate of the selected ventilator with the air pressure P. For a certain ground-based solar telescope, some variables in Eqs. (10) and (11) (such as the thermal absorption coefficient η, thickness of the face sheet l, the internal diameter d of IN, the incircle diameter D of hexagonal cavity, the distance H from the IN tip to the bottom of the face sheet, the thermal conductivity λ c of the face sheet, the thermal conductivity λ a of the injected air, and the dynamic viscosity-v) can be approximated to constants within a narrow temperature range. The Prandtl number Pr is not strongly dependent on pressure and temperature, and it can be considered as a constant over a fairly wide range of pressure and temperature. 23 The power density of the solar radiation ρ and the temperature of the ambient air T a are measurable variables relevant to the site and time. The power density of the solar radiation ρ can be calculated by 24 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 3 ; 3 2 6 ; 1 5 5 ρ ¼ ρ 0 ðsin δ sin ϕ þ cos δ cos ϕ cos θ H Þ;
where 25 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 4 ; 3 2 6 ; 1 1 3
Journal of Astronomical Telescopes, Instruments, and Systems 014005-4 Jan-Mar 2019 • Vol. 5 (1) where ρ 0 is the power density of the solar radiation when the observatory site is located at the equator and when the sun is at zenith, ϕ is the latitude of the selected site, δ is the declination angle of the sun, θ H is the solar hour angle with respect to noon, n is the day of the year, and t is the local time. For a certain site, the temperature at daytime can be calculated by 24 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 5 ; 6 3 ; 6 7 5 T a ðtÞ ¼ s
where T 0 (°C) is the residual temperature at sunrise, T b (°C) is the temperature amplitude, ω is the half oscillation period of cosine term, τ m is the time when the maximum temperature is reached, t s is the time when temperature attenuation begins, s is scaling factor, δT ¼ T 0 − Tðt → ∞Þ, and k is the attenuation constant.
With the above mentioned equations, we can make a wellbalanced selection of the flow velocity V f of the ventilator and the temperature range of the injected air T f , according to Eq. (10).
Numeric Analysis of the Thermal Control
Model on the CLST
The site of the CLST is Wuming Mountain in Dao city, Sichuan province, China. On the site, the peak solar flux is over 1200 W∕m 2 and the ambient air temperature at daytime is ranging from 5°C to 15°C in summer. According to the theoretical analysis in Sec. 3, we make a numerical analysis on the CLST in order to optimize the TCS of its primary mirror. Table 1 lists the values of the required thermal parameters for Eqs. (10) and (11) . Table 2 gives the values of required dimensional parameters for Eqs. (11) and (12) .
The numeric analysis is performed for a clear day. The solar radiation is continuous from sunrise (6:00 am) to sunset (18:00 pm) and the solar flux at the site reaches 1200 W∕m 2 maximum at noon (12:00). The thermal time lag between the maxima of the solar flux and the ambient air temperature is about 2 h, which means the ambient air temperature continues to rise until 14:00 pm. More parameters are listed in Table 3 .
The estimated solar flux and the temperature of the ambient air during a clear day are shown in Fig. 5 . As we can see, due to thermal time lag in a terrestrial environment, the temperature of the ambient air continues to rise after the solar noon.
Putting the values listed in Tables 2-4 into Eqs. (10) and (11), the relationship between the optimal temperature of the injected air T f and the flow velocity V f can be calculated. In this paper, we assume that the primary mirror of the CLST is at the same temperature of the ambient air at sunrise (6:00 am) and sunset (18:00 pm) and calculate the optimal temperature of the injected Although some of them seem to be unpractical, they will help us to make a good conclusion in theory. The calculation result is shown in Fig. 6 . As shown, the lower the inflow velocity is, the lower the optimal temperature of the injected air is, thus requiring higher power of the refrigerating machine. That is, the power of the refrigerating machine can be brought down by selecting the ventilator with higher inflow velocity. However, as selected inflow velocity gets higher, its benefit in power saving for the refrigerating machine keeps declining, as shown in Fig. 7 . So, the selection of the inflow velocity should be well balanced. Figure 8 shows the maximum temperature differences required of the injected air and the ambient air at selected inflow velocities, where larger temperature difference means higher refrigerating machine power. It resembles a logarithmic curve, which implies the well-balanced solution is within the inflow velocity from 6 to 8 m∕s, where the maximum temperature difference of the injected air and the ambient air is from −5.07°C to −4.64°C. Put the values in Table 2 into Eq. (12), we can learn ig. 6 Optimal temperature of the injected air at different flow velocities during daytime. In the practical experiment (see Sec. 5), we select a ventilator of shelf-product for the prototype based on the thermal control model. Its nominal maximum flow rate is 1200 m 3 ∕h at 0 Pa air pressure and about 855 m 3 ∕h at 265 Pa air pressure as the red line shown in Fig. 9 . As we can see, it is also a well-balanced solution for the CLST. With this ventilator, we propose a semiconductor refrigerating machine for the TCS of the CLST, which provides a 10°C maximum temperature difference.
Experimental Results on the POST
To demonstrate the feasibility and effectiveness of the thermal control model, a 60-cm POST is developed and tested in Gaomeigu Observatory (E100°01'51", N26°42'32") in Lijiang City, Yunnan Province, China. Figure 10 shows the optical configuration and the components of the POST. The hexagonal cavity of the POST is the same as the CLSTs. The internal diameter of the IN is 15 mm, and the distance from the IN tip to the bottom of the face sheet is 20 mm. More parameters are listed in Table 4 . Figure 11 shows the design and a picture of the TCS of the POST.
According to the numerical analysis in Sec. 4, the maximum temperature difference required for the injected air and the ambient air of the POST can be calculated, as shown in Fig. 12 .
As shown in Fig. 12 , 6 m∕s of inflow velocity is a well-balanced value with a maximum temperature difference of −5.5°C. According to Eq. (12), the required air flow rate is about 137 m 3 ∕h. The air pressure is estimated to be 250 Pa roughly. With these estimated parameters, a ventilator produced by the company ebmpapst in Germany (model No. R2E190A02605) is selected, which can produce a maximum air flow of 190 m 3 ∕h. We integrate the ventilator with a heater and equip it to the TCS of the POST, as shown in Fig. 13 . We tested the air velocity at each IN of the POST, which ranges from 4.53 to 4.95 m∕s with an average of 4.73 m∕s. The air flow rate at the air velocity can be calculated, which is about 108.33 m 3 ∕h, and the air pressure is 265 Pa according to the user manual of the ventilator. As the TCS of the POST is similar to the one of the CLST, the air pressure of 265 Pa can be taken as a direction in the ventilator selection for the CLST.
The experiment results deviate a little from the calculated result in Fig. 12 (6 m∕s, −5.5°C) . However, the selected ventilator is still applicable, provided that the refrigerating machine is able to produce a larger maximum temperature difference (5.91°C
). Considering a heat loss in the thermal control process, a semiconductor refrigerating machine produced by Tianjin Jingie Industry and Trade Co. Ltd. in China is selected for the TCS of the POST, which can produce a maximum temperature difference of 8°C.
We test the performance of the TCS of the POST with the selected devices. Three temperature sensors (FLUK, Pt100) of high accuracy (finer than AE0.05°C) are deployed to monitor the temperature at different points on the mirror surface. The average of the readings is taken as the temperature of the mirror surface. Figure 14 shows the temperature tracking results with and without the working of TCS. We can see that the TCS well controls the temperature difference between the mirror surface and the ambient air. The temperature tracking error during the experiment is shown in Fig. 15 .
According to the experimental result with the TCS, the temperature difference between the mirror surface and the ambient air was controlled within AE0.5°C almost all the time and the mirror seeing effect is well reduced. On the contrary without the TCS, the temperature of the mirror surface rises up rapidly and is higher than the ambient air by 6.5°C maximum.
Conclusion
Thermal control is one of the most important techniques for ground-based large solar telescopes. How to optimize the TCS to well control the temperature of the mirror surface is not focused enough. In this paper, we introduce an active thermal control model through analytical derivation and application to the CLST by numerical analysis. A 60-cm POST is built to validate the thermal control model. According to the experiment results, the temperature difference between the mirror surface and the ambient air is controlled within AE0.5°C almost all the time. Without the TCS, the maximum temperature difference rises up to 6.5°C. From the experiment, we can conclude that the proposed thermal control model is feasible and effective for the engineering and device selection of the TCS and can be referred to by the CLST and other large ground-based solar telescopes.
The proposed model needs further improvements in the future such as considering heat conversion efficiency from the refrigerating machine to the injected air, temperature homogeneity control of the mirror surface, etc. Moreover, Eq. (8) is not validated experimentally on the CLST, where the value of H∕d is 1.5. 23 As the consequence, Eq. (10) is a rough calculation of the parameters as well as the resulting device selection. This will bring inaccuracy to the TCS of the CLST. This is an important endeavor of our future work. thank the reviewers for their careful revisions and constructive comments, which helped to improve the quality of this paper.
